abstract: Fully grown mammalian oocytes are arrested at the first meiotic prophase until a surge of gonadotrophin at the mid-cycle.
Introduction
In most mammals, oocytes are arrested at the diplotene stage, also called the germinal vesicle (GV) stage of the first meiotic prophase until a surge of gonadotrophin [particularly luteinizing hormone(LH)] from the pituitary stimulates the immature oocyte to resume the first meiosis and ovulate (reviewed in Mehlmann, 2005) . Morphologically, resumption of meiosis is characterized by the disappearance of the nuclear membrane of oocytes, which is also called GV breakdown (GVBD). The first meiotic division progresses through metaphase I manifested by the formation of the first polar body, and then the oocytes are arrested again at metaphase II until fertilization (reviewed in Dekel, 1995) .
The processes of follicular development, meiotic resumption and subsequent ovulation in mammals are controlled by two pituitaryderived glycoprotein gonadotrophins, follicle stimulating hormone (FSH) and LH (reviewed in Richards, 1980) . Stimulation of meiotic resumption by gonadotrophins occurs via their actions on the surrounding somatic cells rather than on the oocyte itself, since oocytes lack gonadotrophin receptors (Amsterdam et al., 1975; Dekel et al., 1988) and thus do not respond to FSH and LH exposure (Dekel and Beers, 1978; Eppig, 1982; Downs et al., 1988; Byskov et al., 1997) . Molecular mechanisms by which gonadotrophins induce oocyte meiotic resumption in the pre-ovulatory follicle may involve the elimination of meiosis inhibiting factors and/or the accumulation or activation of oocyte maturation signals. The actions of gonadotrophins, FSH and LH, on mammalian oocyte meiotic resumption are believed to be mediated in large part through increasing the production of cyclic adenosine 3 0 ,5 0 -monophosphate (cAMP) (Lindner et al., 1974; Downs et al., 1988; Eppig, 1989) and subsequent activation of mitogen-activated protein kinase (MAPK) in its surrounding cumulus granulosa cells (Shimada and Terada, 2002a; Su et al., 2002; Liang et al., 2005) . However, the discrete set of steps through which cAMP activates MAPK are still under investigation. Recent findings indicate that gonadotrophins-induced epidermal growth factor (EGF)-like growth factors (Park et al., 2004; Chen et al., 2008) , meiosis activating sterol (MAS) and gonadal steroid hormones (Byskov et al., 1995; Jamnongjit et al., 2005; Yamashita et al., 2005) , possibly via protein kinase A II (PKAII) and protein kinase C (PKC) pathways, are involved in the activation of MAPK. On the other hand, another second messenger cyclic guanosine 5 0 -monophosphate (cGMP) induced by nitric oxide or the natriuretic peptide system mediates the function of gonadotrophins during mammalian oocyte meiotic resumption (Tö rnell et al., 1990; Nakamura et al., 2002; Bu et al., 2004; Zhang et al., 2005) .
The endocrine control of meiotic resumption by gonadotrophins rests on a network of extracellular and intracellular molecular interactions. The purpose of this review is to summarize data from several laboratories, including ours, on the regulation of meiotic resumption in mammals. We hope that this review may provide a framework with which to understand how the initial signals activated by gonadotrophins control the complex patterns of genes and protein expression that are required for meiotic resumption.
Cyclic adenosine 3
0 ,5 0 -monophosphate and mitogen-activated protein kinase
Despite the ability of the fully grown oocyte to mature, it remains arrested in prophase I in the follicle until the gonadotrophins surge. It is well established that the concentration of cAMP in oocyte plays a critical role in the regulation of meiotic resumption (reviewed in Conti et al., 2002; Eppig et al., 2004; Zhang et al., 2007) . The high levels of cAMP, produced endogenously in oocyte through the stimulation of the G-protein Gs by the G-protein-coupled receptor 3 (Mehlmann et al., 2002; Kalinowski et al., 2004) or transported into oocyte from adjacent cumulus cells (Bornslaeger and Schultz, 1985; Piontkewitz and Dekel, 1993; Webb et al., 2002) , result in the phosphorylation of cyclin-dependent kinase 1 (CDK1), and the maturation promoting factor (MPF) complex becomes active so that the oocyte can resume meiosis (reviewed in Mehlmann, 2005) . Another possibility for the high level of cAMP within the oocyte is that the follicular environment inhibits phosphodiesterase 3A (PDE3A) in oocytes (reviewed in Conti et al., 2002) . cAMP-dependent protein kinase A (PKA) regulates the activity of MPF by the phosphatase CDC25 and the kinase Wee1/Myt1 (Fig. 1) . It is reported that activation of type I PKA by elevated cAMP level in oocytes prevents spontaneous meiotic resumption (Downs and Hunzicker-Dunn, 1995) . Future studies are needed to clarify the role of PKAI in the regulation of MPF activity.
Gonadotrophins, acting on the somatic follicle cells, promote an increase in cAMP levels within the granulosa cell compartment and a decrease of cAMP in the oocyte, thus inducing the resumption of meiosis as well as cumulus expansion (Downs and Hunzicker-Dunn, 1995; Shimada et al., 2003a) . The mechanism of this gonadotrophin action could be either to remove an inhibitory, or maturation-arresting, Figure 1 Regulation of oocyte meiotic arrest in mammals.
The cAMP is produced endogenously in oocyte through the stimulation of the Gs G-protein by the GPR3, transported into oocyte from adjacent cumulus cells, and/or held by PDE3A inhibitor(s) in the follicular environment. cAMP-dependent protein kinase regulates the activity of MPF by the phosphatase CDC25 and the kinase Wee1/Myt1: cDC25 dephosphorylates CDK1, although Wee1/Myt1 phosphorylates it. High cAMP levels result in the phosphorylation of CDK1, and the MPF complex, CDK1/cyclin B (CyB), becomes inactive so that the oocyte is arrested at the GV stage. cAMP, cyclic adenosine 3 0 ,5 0 -monophosphate; GPR3, G-protein-coupled receptor 3; PDE3A, phosphodiesterase 3A; PKA, protein kinase A; CDK1, cyclin-dependent kinase 1; MPF, maturation promoting factor. substance or it could provide a maturation-promoting substance to the oocyte (reviewed in Conti et al., 2002; Eppig et al., 2004) . It is wellknown that the activation of MAPK by a notable surge of cAMP in follicle and cumulus oocyte complex (COC) may trigger the resumption of meiosis as well as cumulus expansion after stimulation with LH or FSH (Hubbard, 1985; Salustri et al., 1985; Downs and Hunzicker-Dunn, 1995; Shimada et al., 2003a; reviewed in Liang et al., 2007) . The activation of MAPK in oocytes indirectly by oocyte maturation factor, Mos is not required for meiotic resumption, but activation of this cascade in cumulus cells indirectly by Ras/Raf signaling pathway is indispensable for the gonadotrophin-induced meiotic resumption (Su et al., 2002 (Su et al., , 2003 Liang et al., 2005) . Further studies show that the kinetics of activation of the MAPK signal transduction pathway in oocyte is delayed for that MPF activation is a prerequisite for Mos translation in mammalian oocytes (Josefsberg Dekel, 2002; Lazar et al., 2002) . This late activation of the Mos/MAPK signaling pathway may be consistent with its function as the cytostatic factor responsible for the second meiotic arrest (Sagata et al., 1989) . It is also reported that MAPK activation in cumulus cells appears to require the permissive effect of the oocyte itself through either the action of growth differentiation factor-9 or other paracrine factors secreted by the oocyte (Su et al., 2003) .
The downstream targets of MAPK in cumulus cells are unclear. It has been recognized that unidirectional communication from the cumulus cells to the oocyte mediated by gap junctions is a critical requirement for the initiation of oocyte maturation in response to gonadotrophins (Fagbohun and Downs, 1991; Carabatsos et al., 2000; Vozzi et al., 2001) . Recent studies find that MAPK mediates LH-induced oocyte maturation by interrupting cell-to-cell communication through phosphorylation of connexin 43 within the ovarian follicle (Sela-Abramovich et al., 2005) . Breakdown of communication arrests the supply of cAMP from the somatic cells to the oocyte, resulting in a decrease in the intraoocyte concentration of this cyclic nucleotide (Dekel, 1988) . It is also possible that the rapid increase of cAMP in cumulus cells may activate PDE3A and decrease cAMP level in oocytes, possibly by cAMPdependent guanine nucleotide exchange factor/phospatidil inositol 3 kinase (PI-3K)/phosphoinositide-dependent protein kinase-1/protein kinase B (PKB) pathway (reviewed in Conti, 2000; reviewed in Conti et al., 2002) . On the other hand, a high level of cAMP stimulated by gonadotrophins in cumulus granulosa cells possibly induces the release of signal or signals that trigger meiotic resumption despite the presence of the high cAMP level in oocyte (Liang et al., 2005) .
Protein kinase A
Based on a commonly accepted notion that gonadotrophins use cAMP as their second messenger to induce oocyte meiotic resumption (Richards and Rolfes, 1980) , the obvious assumption is that PKA modulates the cAMP response by phosphorylating certain substrates. Indeed, recent studies have shown that LH-or FSH-stimulated MAPK activation is mediated by cAMP-dependent PKA in cumulus granulosa cells (Su et al., 2002 (Su et al., , 2003 Liang et al., 2005) . In the inactive state, PKA is a tetramer consisting of two identical catalytic (C) subunits, and two regulatory (R) subunits (RI, RII) that each exist as a-and b-isoforms (Brandon et al., 1997; Skalhegg and Tasken, 2000) . There are two types of PKA, I and II, according to their R subunits. Both type I and II PKA are detected within rodent oocytes and cumulus cells (Downs and Hunzicker-Dunn, 1995; Brown et al., 2002) . Binding of cAMP to the R subunit leads to dissociation of RC dimers and release of activated C subunits (Vigil et al., 2004) , and then PKAI or PKAII becomes active. PKAII is preferentially responsive to higher and discrete cAMP levels, although PKAI is more sensitive to slight increases of cAMP (Vigil et al., 2004; Viste et al., 2005) .
By using site-selective cAMP analogs, recent studies show that activation of PKAI by elevated cAMP level in oocyte prevents spontaneous meiotic resumption; however, the activation of PKAII within cumulus cells induces GVBD of COCs (Downs and Hunzicker-Dunn, 1995; Newhall et al., 2006) . Our study also shows that an increase of dissociated PKA RIIß level and MAPK activity is detected in cumulus cells under the stimulation of FSH or PKAII analog pairs N6-cAMP plus 8-Br-cAMP . The increased RIIß level suggests the activation of PKAII in FSH-induced oocyte meiotic resumption. These studies imply that PKAII activity in cumulus cells is the major subtype responsible for FSH-induced oocyte meiotic resumption in spite of the fact that FSH activates both PKAI and PKAII by elevating cumulus cell cAMP during oocyte maturation (Downs and HunzickerDunn, 1995; Rodriguez et al., 2002; Rodriguez and Farin, 2004) . The activation of PKAI is associated with FSH-mediated arrest of oocyte maturation in the initial period, and may play an important role in allowing a period of delay needed for communication of other factors to optimize the developmental competence of in vitro-matured oocytes (Farin et al., 2007) . It is reported that an acute cAMP increase in response to human chorionic gonadotrophin (hCG, an LH-like factor) can activate PKAII in rabbit ovarian follicles (Hunzicker-Dunn, 1981) . Further investigations are needed to identify the role of PKAII in LH-induced oocyte maturation.
The activation of PKAII in cumulus cells stimulates a downstream transcriptional event required for the initiation of GVBD (Rodriguez et al., 2002; Rodriguez and Farin, 2004) . As a well-known transcription factor employed by cAMP, cAMP response element binding protein (CREB) is generally activated by phosphorylation at serine residue 133 and is believed to induce gene expression by binding to a conserved CRE sequence in the promoter (reviewed in Johannessen et al., 2004) . In our recent study, a transient phosphorylation of CREB can be observed within 1-3 h under the stimulation of FSH and PKAII analog pairs, and interrupting the formation of CREB functional complex by 2-Naphthol-AS-Ephosphate (KG-501) can inhibit MAPK activity in cumulus cells and oocyte maturation . These results indicate that a CREB-regulated gene transcription in cumulus cells is involved in FSH/PKAII signal cascades.
Protein kinase C
The signal transduction of gonadotrophins is considered to be primarily through cAMP-PKA. Interestingly, it is reported that the activation of PKC is also involved in FSH and LH-induced MAPK activation in cumulus granulosa cells and oocyte meiotic resumption in many species (Su et al., 1999; Downs et al., 2001; Lu et al., 2001; Fan et al., 2004; Sela-Abramovich et al., 2005; Jin et al., 2006) . PKC activator, phorbol 12-myristate 13-acetate (PMA), induces oocyte maturation, and PKC inhibitors, staurosporine, sphingosine, calphostin C and chelerythrine chloride, inhibit the effect of FSH on MAPK activation in cumulus cells and oocyte maturation (Su et al., 1999 , Fan et al., 2004 . The downstream pathway of PKC is not very clear.
Recently, the specific EGF receptor kinase inhibitor AG1478 could block both FSH and PMA-induced porcine and mouse oocyte meiotic resumption in our and other studies Downs and Chen, 2008) , suggesting that PKC may regulate the action of FSH by activating EGFR signaling pathway. However, PMA has no effect on the mRNA expression of EGF, EGF-like factors such as amphiregulin (AR), epiregulin (ER), betacellulin (BTC) and heparin-binding EGF (HB-EGF), or EGF receptor (Shimada et al., 2006; Chen et al., 2008) . Furthermore, PKC inhibitor chelerythrine chloride successfully inhibits FSH-induced porcine GVBD, but has no effect on FSH-induced androgen receptor (AR) gene expression . These results imply that PKC, possibly by transcription-independent mechanism, activates EGFR.
It is well known that EGF and EGF-like factors are expressed as transmembrane precursors, which are cleaved at one or more sites in the extracellular domain to release a soluble EGF domain. The metalloprotease (ADAM) activity is critical for the release of the EGF domain to activate EGFR on the target cells (Dong et al., 1999; Sahin et al., 2004) . The tumor necrosis factor a-converting enzyme (TACE), a member of a distintegrin and ADAM family of proteases, is the main sheddase of AR and ER in mouse embryonic cells (Sahin et al., 2004) . More recently, gonadotrophins (FSH þ LH) could up-regulate TACE protein and protease activity in porcine COCs (Yamashita et al., 2007) . Treatment of COCs with the TACE selective inhibitor, TAPI-2 inhibits gonadotrophins-induced MAPK activity in cumulus cells and oocyte maturation, which could be reversed by addition of EGF (Yamashita et al., 2007) . These results suggest that the activity of TACE participates in the gonadotrophins-induced meiotic resumption. It is noticed that the PKC activator PMA is a commonly used activator of ectodomain shedding (reviewed in Massagué and Pandiella, 1993; reviewed in Hooper et al., 1997; Le Gall et al., 2003; Sahin et al., 2004) , by which PKC may participate in gonadotrophins-induced oocyte maturation. Thus, FSH-induced oocyte meiotic resumption may be mediated by shed EGF and/or EGF-like factors via PKC, in addition to the dependence on de novo synthesis of EGF-like growth factors . It is tempting to speculate that an analogous mechanism could exist in vivo with LH mediating the induction of EGF-like growth factors by PKC pathway. The PMA alone can stimulate oocyte maturation, indicating that a pool of EGF and/or EGF-like factors precursors may be already present on COCs. The PKC inhibitor cannot block exotic EGF-and AR-induced porcine oocyte maturation, since they are already soluble mature peptides.
EGF and EGF-like factors
It is clear that besides FSH and LH, EGF has been shown to promote maturation of COCs and follicle-enclosed oocytes (FEOs) by the activation of MAPK (Dekel and Sherizly, 1985; De La Fuente et al., 1999; Gall et al., 2005; Li et al., 2008) . Recent work has shed some light on how the LH signal transmits from the exterior to the interior of the follicle. LH binding to mural granulosa cells leads to the production of EGF-like growth factors including AR, ER and BTC (Park et al., 2004) . These growth factors can trigger cumulus expansion and maturation of follicle-enclosed rodent oocytes and isolated COCs via paracrine mechanism (Park et al., 2004; Ashkenazi et al., 2005; reviewed in Tsafriri et al., 2005) , and AG1478 successfully blocks LH-induced meiotic resumption (Park et al., 2004) . Furthermore, EGF-like factors mediate the stimulatory actions of gonadotrophin-releasing hormone on rat oocyte meiosis and ovulation (Motola et al., 2006 ). These results demonstrate that a potential role of EGF-like growth factors acts as intermediates for LH-induced oocyte maturation (reviewed in Conti et al., 2006) . Although the expression of these EGF family member mRNAs could not be demonstrated earlier than 1-3 h after exposure to LH (Park et al., 2004; Ashkenazi et al., 2005) , it is possible that an immediate release of EGF and/or EGF-like factors storage by the activation of metalloproteinase through PKC pathway plays the mediatory role in stimulating oocyte maturation (Yamashita et al., 2007; Chen et al., 2008) .
It has been demonstrated that mouse and pig COCs also express EGF and EGF-like growth factors by autocrine mechanism (Singh et al., 1995; Shimada et al., 2006; Yamashita et al., 2007) , and ER mRNA expression is rapidly induced in cultured rat granulosa cells by FSH and in granulosa cells of pre-antral follicles exposed to pregnant mare's serum gonadotrophin (PMSG) (Sekiguchi et al., 2002) . The relationship between the intracellular mechanisms promoting oocyte maturation in vitro used by FSH compared with that used by EGF or EGF-like growth factors is under investigation. Recent reports show that FSH-induced AR gene (Shimada et al., 2006) and protein expression in mouse cumulus cells stimulates oocyte maturation, and AG1478 blocks FSH-and AR-induced oocyte maturation (Downs and Chen, 2008) . Similarly, in our study, FSH stimulates AR gene expression and EGFR kinase phosphorylation in cumulus cells, and AR functionally mimics FSH action on porcine COCs meiotic resumption . These results support that EGFR activation by EGF or EGF-like growth factors is necessary for FSH-induced COCs maturation. AG1478 at 10 mM inhibits spontaneous porcine meiotic resumption and cumulus expansion , suggesting that EGF and/or EGF-like factors are locally synthesized in COCs and involved in oocyte maturation. The amount of initial EGF and/or EGF-like factors in COCs may be too small to strongly induce meiotic resumption. However, the local EGF in COCs may be very important for FSH-induced oocyte resumption, since anti-EGF antiserum alone can completely block FSH-induced COCs maturation in mouse and pig (Downs and Chen, 2008; and unpublished data) . Moreover, a background of EGF in maturation medium may be required to optimize the effectiveness of FSH to promote meiosis in feline oocytes in vitro (Farin et al., 2007) , and to improve oocyte developmental competence in cattle (Harper and Brackett, 1993; Lonergan et al., 1996; Rieger et al., 1998) , mouse (De La Fuente et al., 1999) and the domestic cat (Merlo et al., 2005) . The transcriptional inhibitor could block the action of FSH, but has no effect on EGF (Downs et al., 1996; Farin et al., 2007; Ning et al., 2008) , indicating that nascent gene transcription is required in FSH-induced but not EGF-induced oocyte maturation.
EGFR activation by EGF or EGF-like growth factors may be a common pathway mediating the meiosis-inducing influence of FSH and LH. Although the receptor is expressed in both cumulus cells (Bennett et al., 1996; Lonergan et al., 1996; Garnett et al., 2002) and oocyte (Feng et al., 1987 , Maruo et al., 1993 , Bennett et al., 1996 , EGF and AR induce COCs maturation, but have no effect on denuded oocytes (DOs) (Coskun and Lin, 1993; Singh et al., 1993; Chen et al., 2008) . Furthermore, activated MAPK in cumulus cells rather than in oocyte itself, is one of the downstream events of EGF/EGFR and essential for EGF-induced GVBD . All these findings demonstrate that EGFR in cumulus cells makes a major contribution to mediate gonadotrophins-induced meiotic resumption (Downs et al., 1988; Park et al., 2004; Yamashita et al., 2007; Downs and Chen, 2008) . In our study, interrupting the formation of CREB functional complex by KG-501 decreases FSH-induced AR mRNA expression, MAPK phosphorylation and oocyte meiotic resumption, and this inhibitory effect could be reversed by EGF , suggesting that EGF and/or EGF-like factors are the downstream targets of CREB. The pathway utilized by EGF and EGF-like factors to mediate meiotic resumption involves binding to one or more of the EGF receptor subfamily members with subsequent tyrosine kinase activation and downstream activation of MAPK (reviewed in Conti et al., 2006) . Recent studies reveal that steroids (progesterone, testosterone and estradiol) may serve as one of many integrated signals triggered by EGFR signaling in gonadotrophinstimulated follicles to promote oocyte maturation by the activation of MAPK independent of transcription (Gill et al., 2004; reviewed in Hammes, 2004; Jamnongjit et al., 2005) . LY294002, a specific inhibitor of phosphatidylinositol 3 (PI 3)-kinase, effectively inhibits EGF-induced MAPK activation in goat and pig cumulus cells (Gall et al., 2005; Li et al., 2008) , and also inhibits FSH-induced PKB activity, progesterone production in cumulus cells and porcine COCs maturation (Shimada et al., 2003b) . Thus, the production of steroid, possibly by EGFR and PI 3-kinase-PKB pathway, mediates gonadotrophins-induced MAPK activation.
Sterols and steroids
It has been hypothesized that gonadotrophin exerts its effect via a positive meiosis factor synthesized by cumulus cells indirectly, rather than a direct action on the oocyte which lacks gonadotrophin receptors (Downs et al., 1988) . In fish and amphibian, follicle cell steroid hormones stimulated by gonadotrophins serve as such positive meiosis factors (Nagahama et al., 1995; reviewed in Hammes, 2004; White et al., 2005; Tsafriri et al., 2005) , whereas in mammals, the positive factors and their product chain are still unclear. Recent studies show that gonadotrophins-induced MAS and gonadal steroid hormones by epidermal EGFR signaling play an important role in mammal oocyte maturation.
Meiosis activating sterol
The gonadotrophins-induced signal has not yet been identified in mammal oocyte maturation. It is reported that MAS in human follicular fluid (follicular fluid-MAS) and bull testicular tissue (T-MAS) is a candidate of oocyte maturation-inducing substance (Byskov et al., 1995) . MAS is an intermediate in the cholesterol biosynthetic pathway (Byskov et al., 1995) . The levels of MAS in mouse ovary increase following injection of human chorionic gonadotrophin (hCG) (Baltsen, 2001) . MAS has been shown to stimulate the resumption of meiosis in isolated oocytes of a variety of mammalian species including mouse, rat and human (Byskov et al., 1995 , Grøndahl et al., 1998 , Grøndahl et al., 2000 , Hegele-Hartung et al., 2001 . The accumulation of MAS by a high dose AY9944-A-7 (5, 10 or 25 mM) promotes, and the decrease of MAS by the specific inhibitors of cytochrome P450 lanosterol 14a-demethylase (CYP51) inhibits FSH-induced meiotic resumption in mouse FEOs and porcine COCs (reviewed in Byskov et al., 2002; Xie et al., 2004; Jin et al., 2006) . Our recent study also implicates that FSH-induced CYP51 activity in cumulus cells via the PKAII-CREB pathway participates in EGFR signaling-regulated oocyte meiotic resumption .
However, the resumption of meiosis in mouse is triggered by hCG injection when the intraovarian level of MAS is low (Baltsen, 2001) , and MAS-induced meiotic resumption in rat is much slower, kinetically, than that observed after LH stimulation (reviewed in Tsafriri et al., 2002) . It is also possible that MAS could be metabolized into gonadal steroid hormones to stimulate oocyte maturation, since AY9944-A-7 at 1 mM could inhibit gondatropin-induced progesterone production from de-novo synthesized cholesterol in cumulus cells, and the negative effects of CYP51 inhibitor RS21 607 and AY9944-A-7 on GVBD are overcome by the addition of progesterone (Yamashita et al., 2005; Ning et al., 2008) . MAS may be not involved in LH-induced oocyte maturation, since gonadal steroid hormones can be synthesized from stored cholesterol ester in vivo. Nevertheless, adding MAS to culture medium promotes the ability of oocytes to complete meiosis to metaphase II, and dramatically improves the quality of the MII oocytes produced in vitro (Hegele-Hartung et al., 1999 , Cukurcam et al., 2003 .
Gonadal steroid hormones
Although gonadotrophins-induced increases in cAMP concentrations are associated with increased production of steroid hormones in mammalian follicle (reviewed in Lapolt et al., 2002) , and the regulation of oocyte maturation is quite similar to that in Xenopus laevis (reviewed in Conti et al., 2002; Mehlmann et al., 2002; Horner et al., 2003) , the role of ovarian steroids on mammalian meiotic resumption remains unclear. Earlier studies show that progesterone, testosterone, or androstenedione increases the incidence of mouse antral follicles remaining meiotically inactive (Tyler et al., 1980) , and the decrease of 17b-Estradiol (E 2 ) level in follicle culture medium by an aromatase inhibitor arimidex induces meiotic resumption in response to hCG (Hu et al., 2002) . Recent evidence suggests that gonadotrophin-induced steroidogenesis, particularly with respect to progesterone, plays an important role in mammalian oocyte maturation (Yamashita et al., 2003 (Yamashita et al., , 2005 Jamnongjit et al., 2005) .
It has been shown in human (Chian et al., 1999) , rat (Zhang and Armstrong, 1989) , cattle (Armstrong et al., 1996) and pig (Coskun et al., 1995) that progesterone is produced by cumulus cells. The level of progesterone and its receptor in cumulus cells is increased by stimulation with LH and FSH, and aminoglutethimide, an inhibitor of progesterone production, significantly suppresses gonadotrophinsinduced progesterone production and porcine COCs maturation (Shimada and Terada, 2002b) . Progesterone also promotes mouse FEOs meiotic resumption . These results suggest that progesterone regulates gonadotrophin-induced mammalian oocyte maturation. Progesterone production is involved in EGFR-PI 3 signaling pathway (Shimada et al., 2003b , and progesterone biosynthesis also depends on gonadotrophin-induced activity of its biosynthetic enzymes, such as CYP51, delta 14-reductase, delta 7-reductase, P450scc and 3 beta-honest significant difference (Yamashita et al., 2005 . The possible mechanism of progesterone-inducing GVBD is binding to its
The signal pathway of gonadotrophins-induced mammalian receptor, and then decreasing connexin 43 in cumulus cells and cAMP level in oocytes (Shimada and Terada, 2002b; Jamnongjit et al., 2005) .
The effects of testosterone and E 2 on oocyte meiotic resumption are inconsistent (Eppig et al., 1983; Ecay and Powers, 1990; Gill et al., 2004) . Testosterone has been reported to suppress spontaneous meiotic resumption in mouse oocytes (Ecay and Powers, 1990; Barrett and Powers, 1993) . On the other hand, steroids alone do not inhibit maturation of either cumulus cell-enclosed or DOs (Eppig et al., 1983; Batten et al., 1989) . Recently, it is indicated that both of testosterone and E 2 could induce meiotic resumption of unprimed immature mouse DOs and oocyte-cumulus cell complexes arrested in meiosis by isobutyl methylxanthine, possibly by their classical receptors expressed in the oocytes and the activation of MAPK (Gill et al., 2004; Jamnongjit et al., 2005) . The different effects of steroid hormones on the meiotic resumption of mammalian oocyte may be due in part to the background of spontaneous oocyte maturation upon removal from the ovary, as well as methods of oocyte removal that pre-expose oocytes to sex steroids. Thus, the role of testosterone and E 2 in mediating mammalian oocyte maturation remains to be elucidated. The drastic changes in the intrafollicular steroid concentrations induced by gonadotrophins could adversely affect fertilization of in vitro grown oocytes (Hu et al., 2002) .
Cyclic guanosine 3
0 ,5 0 -monophosphate It has been observed that ovarian cAMP increases during proestrous while cGMP decreases (Hubbard, 1980) . These inverse changes in cyclic nucleotide concentrations were abolished when the preovulatory LH surges were blocked by phenobarbitone injection (Hubbard, 1980) . The synthesis of cGMP is accomplished by two distinct classes of guanylyl cyclases, soluble and particulate, activated by nitric oxide (NO) and natriuretic peptides, respectively (Hanafy et al., 2001) . Recent studies indicate that this second messenger plays an important role in the regulation of gonadotrophins-induced Figure 2 A proposed model for gonadotrophins-induced mammalian oocyte meiotic resumption in pre-ovulatory follicle.
Gonadotrophins bind to their receptors in cumulus granulosa cells (blue), resulting in an increased production of cAMP. PKAII activated by elevated cAMP in cumulus granulosa cells leads to CREB-regulated Cre-gene transcription, including the transmembrane precursors of EGF-like factors, and then these precursors become mature peptides possibly by PKC pathway. EGF-like factors binding to EGFR activate MAPK by employing PI3K/PKB and its downstream steroidogenesis. The activated MAPK and PI3K/PKB decrease cAMP level in the oocyte by phosphorylation of Cx-43 and the activation of PDE3A, respectively, and then MPF complex becomes active so that oocyte can resume meiosis. The accumulation of cGMP by NO and/or natriuretic peptides under FSH stimulation may serve to prevent untimely oocyte maturation, while the decrease of this second messenger after LH treatment participates in oocyte maturation and ovulation. FSH, follicle-stimulating hormone; LH, luteinizing hormone; cAMP, cyclic adenosine 3 0 ,5 0 -monophosphate; PKA II, type II protein kinase A; CREB, cAMP response element binding protein; PKC, protein kinase C; TACE, tumor necrosis factor a-converting enzyme; EGF, epidermal growth factor; EGFR, EGF receptor; MAPK, mitogen-activated protein kinase; PI3K, phosphatidylinositol 3 kinase; PKB, protein kinase B; Cx-43, connexin 43; PDE3A, phosphodiesterase 3A; MPF, maturation promoting factor; iNOS, inducible isoform of nitric oxide synthases; NO, nitric oxide; NP, natriuretic peptides; GC, guanylyl cyclase; cGMP, cyclic guanosine 3 0 ,5 0 -monophosphate; PKG, protein kinase G; GVBD, germinal vesicle breakdown. mammalian oocyte maturation (reviewed in Lapolt et al., 2002; Tao et al., 2005a; Zhang et al., 2007) .
NO is a chemical messenger enzymatically produced by three isoforms of nitric oxide synthases (NOS): endothelial (eNOS), neuronal NOS (nNOS) and inducible isoform (iNOS) (reviewed in Lapolt et al., 2002) . All these three isoforms of NOS, and natriuretic peptides including atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP) and C-type natriuretic peptide (CNP) and their receptors, have been detected in mammalian ovaries (Steegers et al., 1990; Huang et al., 1996; Noubani et al., 2000) . Both NO donor sodium nitroprusside (SNP) and ANP could inhibit spontaneous rodent COCs maturation, possibly by the accumulation of cGMP and the increase of cAMP (Tö rnell et al., 1990; Bu et al., 2003; Tao et al., 2005a; Wang et al., 2008) . Also, SNP and natriuretic peptides inhibit FSH-induced MAPK activation and oocyte maturation by cGMP-dependent protein kinase (PKG) pathway (Bu et al., 2003; Zhang et al., 2005; reviewed in Tao et al., 2005b; unpublished data) . Similarly, NO donor prevents hCG-induced meiotic resumption in rat oocytes of pre-ovulatory follicles, and aminoguanidine bicarbonate salt, a specific inhibitor for iNOS, induces meiotic resumption . All these results suggest that NO and/or natriuretic peptides-derived cGMP may be an oocyte maturation inhibitor. cGMP maintains the meiotic arrest of pre-ovulatory oocytes mainly via two pathways: inhibition of oocyte cAMP phosphodiesterase (such as PDE3) to maintain cAMP level and activation of PKG to decrease MAPK activity (Tö rnell et al., 1991; Draijer et al., 1995; Ingram et al., 2000; Nakamura et al., 2002; Wang et al., 2008) .
Little is known about the physiological role of the ovarian NO and natriuretic peptides. Recently, granulosa cells from porcine large follicle show strong expression of ANP (Ivanova et al., 2003) . In addition, PMSG (an FSH-like factor) increases the levels of ANP, CNP and cGMP level in mouse and rat ovary (Patwardhan and Lanthier, 1985; Russinova et al., 2001; and unpublished data) , which could be decreased by LH/hCG treatment (Patwardhan and Lanthier, 1985) . It is also reported that iNOS, the main source of NO in the ovary (Dixit and Parvizi, 2001) , significantly decreases after hCG injection, which induces a decrease of NO concentrations in pre-ovulatory follicular fluid . Taken together, it can be hypothesized that accumulation of cGMP by NO and/or natriuretic peptides under FSH stimulation (during follicular growth) may serve to prevent untimely oocyte maturation, although the decrease of this second messenger after LH treatment may participate in oocyte maturation and ovulation.
Conclusions
The actions of gonadotrophins on mammalian oocyte meiotic resumption are believed to be mediated mainly through increasing the production of cAMP and subsequent activation of MAPK pathway. Recent studies reveal that both FSH and LH-induced EGF network and then steroids, possibly by cAMP-dependent PKAII and PKC pathway, are involved in the activation of MAPK. Although both FSH and LH may use the same signaling pathway in oocyte maturation, their different effects on the production of NO and/or natriuretic peptides in the ovary may be involved in the regulation of meiotic resumption. FSH/PMSG increases the levels of NO and/or natriuretic peptides in the ovary, which could be decreased by LH/hCG treatment (Fig. 2) . It can be hypothesized that accumulation of cGMP under FSH stimulation (during follicular growth) may serve to prevent untimely oocyte maturation until ovulation after the LH serge. Further studies in this area may yield important new insights into the mechanisms regulating multiple aspects of oocyte maturation.
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